C
ardiometabolic clinical trials often have a primary composite efficacy end point that includes cardiovascular (CV) death, along with other nonfatal outcomes. As opposed to all-cause mortality, the use of CV death increases the precision of the end point to that which would be targeted by the cardiometabolic intervention under study. Clinical events committees (CECs) are formed to provide systematic, standardized, independent, unbiased, and blinded adjudication of the cause of death from available medical records and documentation of communication with deceased trial participants' family members and friends.
However, sometimes cause of death cannot be determined from available documentation, and the cause of death is formally adjudicated by the CEC as "undetermined." This may occur when there is abundant information, but the proximate cause of death remains unclear. More commonly, it may arise because of inadequate documentation: a participant may not have had contact with family, friends, or investigators in the weeks before death; family members may decline to discuss details of a death with study investigators; and certain countries' conventions and privacy regulations may prevent hospitals from sharing deceased patients' clinical data with researchers. In cardiometabolic trials, deaths of undetermined cause are usually assumed to be CV deaths for the purposes of statistical analyses, and are included in the composite primary outcome. It is for this reason that they warrant attention and review.
In 2014 and 2018, the Standardized Data Collection for Cardiovascular Trials Initiative, in collaboration with the US Food and Drug Administration (FDA), the American College of Cardiology, and the American Heart Association, produced reports defining end points in cardiometabolic clinical trials. 1, 2 These documents note that "deaths of undetermined cause should be very few," and that "use of this category is discouraged and should be rare in well-run clinical trials in which adequate source documentation is assiduously sought by participating investigators." 2 Deaths of undetermined cause have subsequently faced stricter scrutiny in FDA evaluations. 3 During the conduct of a well-run clinical trial, the cause of death will inescapably remain undetermined for a certain proportion of deceased participants, but a reasonable target number for those deaths has not yet been determined. To set a benchmark for this proportion, an aggregate review of the number of deaths of undetermined cause in prior clinical trials must be performed. We therefore combined trial-and patient-level data from 9 recent clinical trials across cardiometabolic therapeutic areas to investigate proportions of centrally adjudicated and investigator-reported undetermined cause of death by therapeutic area, region of patient enrollment, and year of trial publication, to evaluate agreement between CEC-adjudicated and investigator-reported cause of death, and to identify baseline patient and trial characteristics associated with undetermined cause of death.
METHODS
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
Data were aggregated from 9 recent multinational clinical trials with long-term follow-up and blinded CEC adjudication of cause of death, which enrolled patients with 4 
Clinical Perspective
What Is New?
• US Food and Drug Administration guidance indicates that deaths attributable to undetermined causes should be rare in well-run clinical trials. • Across 9 cardiovascular clinical trials in different therapeutic areas, the proportion of deaths adjudicated as attributable to undetermined causes ranged from 7% to 22% (overall 16%).
• Death attributable to undetermined cause was associated with trial (therapeutic area and year of publication) and patient factors (sex, age, region of enrollment, and time from enrollment to death).
What Are the Clinical Implications?
• Most trials can be expected to have a proportion of deaths attributable to undetermined cause that falls within the range reported in this study.
• Higher rates of deaths attributable to undetermined cause may indicate issues with trial quality and completeness of follow-up, and future trials may pursue lower rates through operational innovation.
• Given the potential importance of cause of death determination to primary trial results and the relatively high proportion of deaths attributable to undetermined cause in modern trials, researchers should publicly report the proportion of deaths where cause was unable to be determined. In all trials, cause of death was reported by site investigators, and available documentation was transferred to an independent, blinded CEC that adjudicated cause of death based on trial-specific definitions. In each trial, the CEC adjudicated deaths as attributable to CV, non-CV, or undetermined cause. In all trials except TRACER, investigators also signified whether death was attributable to CV, non-CV, or undetermined causes. In TRACER, investigators did not have the option to select "undetermined" as a cause of death, but did describe the circumstances of the death in free text; for this trial, any deaths for which the free text indicated the cause was "unknown" were classified as undetermined. All trials included a category of sudden cardiac death or presumed CV death, and reviewers were instructed to select this option when available records indicated that the patient was known to be well within 24 hours of death, with undetermined cause of death reserved for instances where circumstances of death were totally unknown (see Table I in the online-only Data Supplement for specific definitions in each trial).
In the primary results article for several trials, deaths occurring after a prespecified date were not included in the primary analysis. The causes of these deaths were centrally adjudicated by CECs, and they were included in our analysis. In other trials, patients who were enrolled at sites that committed major protocol violations were excluded from the analysis; deaths occurring in these patients were not included in our analysis.
Statistical Analysis
Trial and patient characteristics are presented for patients with undetermined, CV, or non-CV cause of death. Categorical variables are presented as frequencies (percentages), and continuous variables are presented as medians (interquartile range). Pearson χ 2 tests and Kruskal-Wallis tests were used for comparing categorical and continuous variables, respectively. A P-value threshold of <0.05 was used to define statistical significance.
The proportions of deaths characterized by the CEC and by site investigators as attributable to CV, non-CV, and undetermined cause were calculated by therapeutic area (DM/ pre-DM, CAD/PAD, atrial fibrillation, ACS), region of patient enrollment, and year of trial publication. The world was subdivided into regions based on United Nations regional groups, modified to avoid regions including only 1 or 2 countries. Countries included in each region are defined in Appendix I of the online-only Data Supplement. Pearson χ 2 tests were used to compare the proportion of deaths attributable to undetermined cause across therapeutic area, region of patient enrollment, and year of trial publication subgroups. The agreement between CEC-adjudicated and investigator-reported cause of death was also evaluated with Cohen's κ.
To determine the multivariable association of patient-and trial-level characteristics with undetermined cause of death, a logistic model was created. Stepwise methods were used to select covariates from among the following trial and patient characteristics: region of enrollment, therapeutic area, year of trial publication, time from enrollment to death, age, sex, prior myocardial infarction, prior stroke, hypertension, and history of heart failure. The threshold for inclusion in the final model was P≤0.10. Multivariable modeling was conducted using complete cases only, including factors that were considered important and available across all studies.
RESULTS
Across the 9 trials, there were a total of 9259 CECadjudicated deaths. CECs adjudicated 5012 CV deaths (54.1%), 2800 non-CV deaths (30.2%), and 1447 undetermined deaths (15.6%). Of CEC-adjudicated deaths, 28 were not reported by investigators, leaving 9231 investigator-reported deaths: 4929 (53.4%) from CV causes, 3087 (33.4%) from non-CV causes, and 1215 (13.2%) from undetermined causes. The proportion of CEC-adjudicated deaths of undetermined cause ranged from 7.0% to 21.7% across trials (Table 1) ; the proportion of investigator-reported deaths of undetermined cause ranged from 8.5% to 19.2%.
Cause of Death by Therapeutic Area, Region of Enrollment, and Year of Publication
There was variability in the proportion of CEC-adjudicated deaths of undetermined cause by therapeutic area: in DM/pre-DM trials, 16.0% of deaths were of undetermined cause, compared with 20.0% in CAD/PAD trials, 14.1% in atrial fibrillation trials, and 12.5% in ACS trials (P<0.001, Figure 1A ). There was marked difference in the proportion of deaths attributed to non-CV causes by therapeutic area, with non-CV death accounting for 19.5% of deaths in trials enrolling patients with ACS and 38.7% of deaths in DM/pre-DM trials. Investigatorreported deaths of undetermined cause similarly varied across therapeutic areas, as did the proportion of deaths attributed to CV and non-CV causes ( Figure 1B) .
When the frequency of death of undetermined cause was analyzed by region, CEC-adjudicated undetermined cause of death ranged from 10.0% in Australia, Oceania, and South Africa to 18.5% in East/South Asia, although there was a relatively small number of deaths in these regions (n = 1260 in East/South Asia, and 310 in Australia/Oceania/South Africa) ( Figure I in the online-only Data Supplement). In Europe and the Americas, where the majority of deaths occurred, differences in the proportion of deaths attributable to February 12, 2019 Circulation. *Patients that did not complete the study were either lost to follow-up or withdrew consent. Data gathered from each study's primary manuscript, when available, or from Food and Drug Administration medical reviews when not included in the primary study manuscript.
†PLATO did not report the proportion of patients completing the trial, and this information was not available publicly. 
Characteristics of Patients With Undetermined Death
Preenrollment characteristics of patients with an undetermined cause of death were generally similar to those of patients with CV and non-CV death (Table 2) . Patients with undetermined cause of death had a lower baseline prevalence of prior myocardial infarction, prior stroke, congestive heart failure, and atrial fibrillation than patients with CV death, but a lower prevalence of these comorbidities than patients with non-CV death.
Patients with undetermined cause of death had a longer interval from randomization to death than those with CV death (median 521 versus 323 days; P<0.001).
When CV and non-CV death were pooled to define a cohort of patients with "determined" cause of death, patients with determined and undetermined cause of death were largely similar with respect to baseline characteristics (Table III in the online-only Data Supplement). Patients with undetermined cause of death had a longer interval from randomization to death than those with "determined" cause of death (median 521 versus 396 days; P<0.001).
On multivariable modeling, time from randomization to death remained strongly associated with undetermined cause of death (odds ratio, 1.21; 95% CI, 1.14-1.29; per 1-year increase) compared with "determined" cause of death. Other patient and trial features associated with greater odds of undetermined cause of death included older age at enrollment, later publication year, and female sex (Figure 2 ). Enrollment in Australia/Oceania/South Africa, Central/South America, or Western Europe was associated with lower odds of an undetermined cause of death, compared with enrollment in North America. Compared with patients who enrolled in ACS trials and died, patients enrolled in DM/pre-DM and CAD/PAD trials had lower odds of undetermined cause of death.
Only EUCLID asked adjudicators whether deaths of undetermined cause had adequate source documentation to determine cause of death. In that trial, of 209 CEC-adjudicated deaths of undetermined cause, 197 (94.3%) were coded as having "limited or no source documents," and 12 (5.7%) were coded as having "adequate source documents."
DISCUSSION
In 9 cardiometabolic clinical trials conducted between 2009 and 2017, 15.7% of deaths were adjudicated by the CEC as attributable to undetermined causes, with a range from 7.0% to 21.7% in individual trials. On multivariable analysis, patient-and trial-level variables independently associated with greater likelihood of death attributable to undetermined causes were ACS or atrial fibrillation trial (versus atherosclerotic vascular disease or DM/pre-DM), longer time from enrollment to death, more recent trial manuscript publication year, enrollment in North America (versus Western Europe), female sex, and older age. Moreover, there was considerable betweentrial variability in non-CV deaths among deaths that had an adjudicated cause. The relatively high proportion of deaths attributable to undetermined cause should alert researchers that reporting cause of death-CV, non-CV, and undetermined-is important to help clinicians, patients, regulatory authorities, and guideline-writing committees understand trial results and the quality of trial conduct. Furthermore, investigators should consider reporting sensitivity analyses that address the impact of deaths attributable to undetermined causes on efficacy analyses.
Despite the FDA's indication that few deaths in wellrun clinical trials should be attributed to undetermined causes, 1 the meaning of "few" is uncertain, as no study has previously reported the proportion of CEC-adjudicated (or investigator-reported) deaths of undetermined cause in a series of clinical trials across therapeutic areas. Because of the nature of the CEC process, some deaths in a well-run clinical trial will be attributable to undetermined causes, and therefore a "lower is better" approach may not necessarily be the correct evaluative framework. Our study sets a data-driven range for the expected proportion of deaths attributable to undetermined causes in clinical trials with long-term follow-up.
Because clinical trials adjudicated by CECs mostly coordinated by a single academic research organization were included, an additional analysis was done by searching the internet for publicly available data on the proportion of deaths attributable to undetermined causes in major clinical trials, and these data were found for 10 trials. In 7 instances, these data were only available in FDA Briefing Documents 3, [13] [14] [15] [16] [17] [18] ; the other 3 trials published the proportion of deaths attributable to undetermined cause in the primary trial manuscript 19, 20 or a secondary analysis manuscript. 21 In these trials, the proportion of deaths of undetermined cause ranged from 2.0% to 26.8% (Table 3) . 3, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Overall, the proportion of deaths adjudicated as attributable to undetermined causes was 11.9% across the 10 trials, roughly consistent with our results. The range of proportions of undetermined cause of death across these publicly available trials was broader than in the trials included in our primary analyses; however, without data ORIGINAL RESEARCH ARTICLE related to how undetermined cause of death was defined in these trials (which is not publicly available), it is difficult to know how to interpret the results. The proportion of deaths attributable to undetermined cause can best be compared across trials with similar definitions. Importantly, we observed considerable between-trial variability in the proportion of deaths adjudicated as attributable to undetermined cause, both in the trials included in the primary analyses and in trials with publicly available data. Some of this variability is related to factors we did not capture, and the rest is likely attributable to chance. Factors that may affect the proportion of deaths attributable to undetermined cause include details of data collection, and the specific definition of undetermined cause of death. From our experience, variation attributable to data collection processes is most relevant when a patient dies outside of the hospital (or in a hospital where regulations prohibit sharing of information regarding deceased patients), and the site coordinator is unsuccessful in getting detailed information from the patient's family. How well site coordinators are encouraged and trained to try to speak with families after death contributes to the narrative for adjudicators. Though the broad definition of death attributable to undetermined cause was consistent across trials, slightly different wording used is likely to have effects on reviewers' decisions.
CEC-adjudicated deaths of undetermined cause may reflect several different clinical scenarios. In the simplest scenario, one in which cause of death is both undetermined and undeterminable, a patient dies at home without any recent contact with family, friends, study investigators, or the healthcare system. Associations between female sex and older age and undetermined cause of death may reflect women's and older adults' greater likelihood of living alone. 30 Deaths identified by search of public records after a patient has withdrawn from study participation will also necessarily be attributable to undetermined causes, since investigators are not allowed to contact family or friends. Deaths preceded by complex medical illness in which the proximate cause of death cannot be determined, despite adequate documentation, may also be considered attributable to undetermined causes, although this circumstance is rare. These deaths are unavoidably attributable to undetermined cause and do not reflect on trial conduct.
In more complex scenarios, deaths may be of undetermined, but determinable, cause. Most frequently, a patient may die without contact with investigators or the healthcare system, but with recent contact with 
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family members or friends. If investigators are not persistent in attempts to contact family, or if the family is not willing to provide information about the circumstances surrounding the death to investigators, then the death may ultimately be adjudicated as attributable to undetermined causes. The association between longer time from enrollment to death and greater likelihood of undetermined cause of death may reflect changes in patients' social relationships leading to unfamiliarity between these people and investigators. In other circumstances, country-specific regulations or customs prevent hospitals from releasing deceased patients' information to anyone but family, and investigators may have no way of collecting data about a fatal hospitalization. The association between region of trial enrollment and deaths of undetermined cause may reflect these regulations and customs. The proportion of deaths that were adjudicated as undetermined but had determinable cause could potentially be reduced with better communication of regulations surrounding data sharing between hospitals and investigators, and by developing strategies to obtain information from family, friends, or facilities after a trial participant dies. Such strategies could include designation of a family member or friend whom investigators could contact in the event of the trial participant's death; affirmative acknowledgment by the participant during the informed consent process that investigators could contact family members, friends, or other hospitals in the event of the participant's death; and/or involvement of family and friends in trial conduct prior to the patient's death.
The trial and regulatory community also needs to consider approaches to analyze the impact of these undetermined deaths in statistical analyses, especially given their reasonably high prevalence. By convention, deaths of undetermined cause are considered CV deaths for the purposes of analysis in nearly all cardiometabolic clinical trials. However, this approach may not be correct in all cases. In the present study, non-CV deaths made up >30% of all adjudicated deaths overall; the majority of patients died of either non-CV or undetermined causes in DM/pre-DM and CAD/PAD clinical trials. Lumping deaths of undetermined cause with CV deaths both inflates trial event rates and can bias trial results toward finding no difference, since including deaths that may be attributable to non-CV causes (which would not be expected to be decreased by a CV medication) in the CV death category increases statistical noise. 2 In the context of a superiority analysis, lumping deaths of undetermined cause with CV deaths is the conservative approach, and can bias toward finding a statistically nonsignificant result. This may result in truly promising treatments failing to demonstrate benefit (type II error). However, in the context of a noninferiority analysis, lumping undetermined and CV deaths together can potentially minimize treatment differences, and may bias toward a significant result (type I error). All trials enrolled patients from Australia/Oceania/South Africa, South/Central America, East/South Asia, Eastern Europe, Eastern Mediterranean, North America, and Western Europe, except for EMPA-REG OUTCOME, which did not enroll patients from the Eastern Mediterranean, HPS2-THRIVE, which only enrolled in Western Europe and East/South Asia, and TOPCAT, which only enrolled in North America, Central/South America, and Eastern Europe. Case report forms for these trials were not publicly available, and it is unknown whether these case report forms included a category for death of unknown 
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Investigators should be encouraged to present sensitivity analyses varying the proportion of undetermined deaths that are counted as CV deaths. Alternatively, acknowledging the difficulties inherent in adjudicating cause of death and potential resulting biases, investigators could move toward simpler trial designs that analyze all-cause mortality rather than CV mortality, with increased costs related to the need to enroll more patients potentially offset by a reduction in monitoring and adjudication costs. 31 All-cause mortality is also a more patient-centric outcome than CV mortality, but can introduce statistical noise that overwhelms a signal of treatment effect, as CV therapies would not be expected to reduce the incidence of death because of trauma, suicide, or malignancy, for example. Furthermore, the FDA and other regulatory agencies always require information regarding cause of death at the end of clinical studies, and despite all the potential bias and difficulty in adjudicating cause of death, understanding causes of death in clinical trials can sometimes help researchers, clinicians, and patients interpret clinical trial results. Therefore, cause of death adjudication is likely to remain relevant in clinical trial methodology.
Since trials do not prospectively collect reasons that cause of death could not be determined, it was not possible to determine how many deaths of undetermined cause were truly undeterminable, and the "correct" proportion of deaths attributable to undetermined causes remains uncertain. Based on our results, however, roughly 10% to 20% of deaths in a well-conducted trial will be expected to be attributable to undetermined causes. As some trials achieved even lower rates, these data should continue the conversation regarding best practices for cause-of-death data. Standardizing cause-of-death determination and adjudication across clinical trials would provide needed context for the interpretation of clinical trial results (Table 4) .
Limitations
The series of trials included represents a convenience sample from trials coordinated by a single academic research organization; however, the results are broadly consistent with data from other trials that have publicly reported the frequency of undetermined cause of death. We did not perform a systematic review and meta-analysis of the frequency of deaths of undetermined cause across published cardiovascular clinical trials because these data are often not publicly available, and including only trials that reported deaths attributable to undetermined cause may have introduced bias. It was not possible to evaluate all factors that may inform likelihood of undetermined death designation, including the extent of the effort made by sites to contact patients' family members and friends and the content of these conversations.
CONCLUSIONS
In cardiometabolic clinical trials with long-term follow-up, approximately 16% of deaths are centrally adjudicated as being attributable to undetermined causes. These findings provide a baseline for assessment of data adequacy with regard to cause-of-death determination in this setting, and could inform operational efforts to potentially further reduce the frequency of deaths of undetermined cause in future clinical trials. 2. Cause-of-death information collection should be a part of the informed consent process and site training, including efforts to engage with patients' families throughout the study process and overcome policies limiting clinical data sharing. Families should be asked standardized questions that assist with determining cause of death, such as, "Was the patient known to be alive and well 24 h prior to death?" 3. Operating procedures for contacting the family and friends of deceased patients should be standardized, and attempts at contact should be recorded.
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4. Cause of death should be centrally adjudicated by a trained clinical events committee blinded to treatment assignment using prespecified definitions. Ideally, committee members should focus on clinical research and event adjudication as part of their careers, building the experience required to adjudicate difficult cases. For each trial, committee members should be specifically trained on adjudicating cause of death prior to beginning event adjudication, including through the use of examples, and should regularly participate in full committee reviews of difficult to classify cases. In addition, conventions for adjudicating questionable cases should be created before each trial and updated during the trial, with reviewers trained on these conventions continually.
5. Definitions for causes of death should follow US Food and Drug Administration guidance, unless rationale is provided for why this guidance is not followed.
6. When cause of death cannot be determined, clinical trials should prospectively identify whether cause of death was undeterminable (undetermined cause of death due to a complex clinical scenario or inability to contact family/friends) or potentially determinable (undetermined cause of death due to refusal of family/ friends to provide information to investigators or strict policies regarding clinical data sharing in certain countries). Reviewers should be prospectively asked whether source documents were adequate to reliably classify the event.
7. Primary study manuscripts should report the proportion of deaths due to undetermined causes and primary reasons cause of death could not be determined.
